Introduction
The genus of Monascus was nominated by van Tieghem in 1884 (1), but its fermented product of rice has been used for nearly two thousand years in Asian countries (2, 3) . Monascus-fermented rice is named red fermented rice (RFR), also called hongqu, red mould rice, red koji, and anka. They have always been used as folk medicines, food colorants, and fermentation starters. Nowadays, it has been proven that M. spp. can synthesize many secondary metabolites such as monacolin K (MK), Monascus pigments, dimerumic acid, and γ-aminobutyric acid (4) . However, RFR can be polluted by a nephrotoxic mycotoxin named citrinin, which is produced by some Monascus strains (5) . For example, Monascus strains mainly used for MK production are M. purpureus (6), M. ruber (7) and M. pilosus (8) , particularly the species M. ruber and M. purpureus, both of which possess citrinin biosynthesis abilities (9, 10) . To prevent citrinin from contaminating MK products, it is very important to screen for Monascus strains that produce no citrinin but high amounts of MK. Until now, some Monascus strains with low or no citrinin production and relatively high MK (most of the yields of MK<10.0 mg/g dry products after 14 days of fermentation) production were selected (11) (12) (13) (14) . On the other hand, the key citrinin biosynthesis related genes such as pksCT (polyketide synthase), ctnA (transcriptional regulator), and orf3 (oxygenase) (15) (16) (17) have been identified. However, reports of Monascus spp., which can produce higher yields of MK (MK yield >15.0 mg/g after 14 days of fermentation) but no citrinin, are still few.
To develop the production of MK without citrinin, a high MK production Monascus strain, MS-1, was identified. Citrinin and its key related genes were detected in the fermented products and genome of MS-1 by HPLC and PCR, respectively.
Materials and Methods
Chemicals and strains Standard substances of citrinin and MK were purchased from Sigma-Aldrich (St. Louis, MO, USA) and Aladdin Reagents (Shanghai, China), respectively. Yeast extract, sucrose, glucose, peptone, acetonitrile, and other chemicals were bought from China National Medicines Corporation Ltd., Beijing, China.
Monascus sp. MS-1 (CCTCC M 2013295, China Center for Type Culture Collection (CCTCC), Wuhan, China) was isolated from RFR gathered in markets of China and M. ruber M7 (CCAM 070120, Culture Collection of State Key Laboratory of Agricultural Microbiology, which is part of CCTCC, Wuhan, China) was a high citrinin production strain preserved in our laboratory. The cultures were maintained on potato dextrose agar (PDA) slants at 4°C and subcultured every other month.
were adjusted to 1.0×10 6 cfu/mL. Ten percent spore suspension (v/v) was inoculated into 100 mL modified basal medium (50 g dextrose, 10 g peptone, 2 g NH (8, 19) . Ten milliliters of 75% ethanol was added to 0.3 g dried solid-state fermentation products, and then put under ultrasonic extraction for 1 h (20) . Three milliliters absolute ethyl alcohol was added into 1 mL filter liquor of liquid fermented broths. Both extracts were centrifuged at 9,728× g for 10 min. Before HPLC analysis, all the supernatants were filtered by 0.22 μm membrane filter. HPLC was performed on a Waters 2695 system (Waters Corp., Milford, MA, USA) and the column of inertsil ODS-3 (4.6 mm × 250 mm, i.d., 5 μm) was used as a stationary phase. A mixture of acetonitrile, water and 0.5% ortho-phosphoric acid with the ratio of 60:37:3 (v/v/v) was used as mobile phase, and the flow rate was 1.0 mL/min. The 2998 PDA detector was used at absorbances ranging from 210 to 400 nm. The column temperature was set at 25 o C, and the injection volume was 20 μL. Both acid and lactone forms of MK were calculated as the total MK content. Citrinin analysis: Citrinin in solid and liquid states fermentation products by Monascus sp. MS-1 were analyzed according to the reported method (8, 19) . Citrinin was extracted by ultrasonic extraction for 40 min, and the sample to solvent (80% methanol) ratio was 1:10 (w/v). The extract was centrifuged at 9,728× g for 5 min. The sample was extracted twice following the same method, and the supernatants were merged. Before HPLC analysis, the supernatants were filtered by 0.22 μm membrane filter. The fermented broth of Monascus sp. MS-1 was filtered by both filter paper and membrane filter (0.22 μm) before HPLC detection. HPLC was performed on a Waters 2695 system, and the column of inertsil ODS-3 (4.6 mm × 250 mm, i.d., 5 μm) was used as a stationary phase. A mixture of acetonitrile, water and 0.5% ortho-phosphoric acid with the ratio of 70:25.5:4.5 (v/v/v) was used as mobile phase, and the flow rate was 0.8 mL/min. Fluorescence detection was performed using the 474 Scanning Fluorescence Detector at 331 nm excitation wavelength and 500 nm emission wavelength. The column temperature was set at 30 o C, and the injection volume was 10 μL.
Identification of MS-1
Identification of MS-1 by morphology examinations: Monascus sp. MS-1 was inoculated on malt extract agar (MA) (15 g agar in 1000 mL 10 Bx o malt wort) (21), czapek yeast extract agar (CYA), glycerol nitrate agar (G25N) (22) , and PDA, respectively, and the colony sizes, shapes for 7 and 25 days were observed. Mycelium, conidium, cleistothecium, and ascospore on MA were observed (22) . All the plates (diam 90 mm) were cultured at 25 o C. The results were analyzed according to the classification system set up by Hawksworth and Pitt (23) and Li and Guo (21) . ITS fragment analysis of MS-1: The genomic DNA of Monascus sp. MS-1 was extracted according to the following steps (24) . First, the Monascus sp. MS-1 were incubated on PDA plates overlaid with cellophane membranes at 28 o C for 4 days. Then, the mycelia were collected and ground to a fine powder under liquid nitrogen using a mortar and pestle. Finally, the total genomic DNA was extracted with cetyltrimethyl ammonium bromide (CTAB) buffer.
PCR for ITS fragment was performed in a 25 μL volume containing 1 μL template DNA, 1 μL forward primer (ITS 5: 5'-GGAAGTAAAA GTCGTAACAAGG-3', from 18S region) with the concentration of 10 μmol/L, 1 μL reverse primer (ITS4: 5'-TCCTCCGCTTATTGATATGC-3', from 28S region) with the concentration of 10 μmol/L, 1.0 μL dNTP (2.5 mmol/L), 0.2 μL Taq plus DNA Polymerase, 2.5 μL 10× buffer, and 18.3 μL ddH o C for 7 min. Gel electrophoresis was used to detect the PCR products, and each 100 mL gel contained 0.8% (w/v) agarose and 5 μL goldview. The ITS fragment was purified by Transgen kit (Beijing TransGen Biotech Co., Ltd., Beijing, China), and the ITS fragment sequencing was performed by Genscript (Nanjing GenScript Biotechnology Co., Ltd., Nanjing, China). The phylogenetic analysis was performed by the modified methods set up by Kim et al. (25) . The neighbor-joining (NJ) and maximum likelihood (ML) methods were used for the phylogenetic analysis (25) . MEGA v.5.0 computer program was employed in performing NJ and ML methods, and Kimura-2-parameter was used as the distance model. Confidence values for individual branches were determined by 1,000 replication bootstrap analyses. To identify species and genus of MS-1, the sequences were analyzed by BLAST program of NCBI (National center for Biotechnology Information, Bethesda, MD, USA).
Related citrinin biosynthesis genes analysis of Monascus sp. MS-1 The genomic DNA of Monascus sp. MS-1 and M. ruber M7 were extracted as shown in "ITS fragment analysis of MS-1", and their ITS sequences were amplified as house-keeping genes.
The citrinin biosynthesis gene cluster of M. aurantiacus (gi|168830919|gb|EU309474.1) was used as the template; six primer sets were designed according to Primer 5.0 (Table 1) .
The PCR for related genes of citrinin biosynthesis was performed in a 25 μL volume containing 1 μL template DNA, 1 μL forward primer (10 μmol/L), 1 μL reverse primer (10 μmol/L), 1.0 μL dNTP (2.5 mmol/L), 0.2 μL Taq plus DNA Polymerase, 2.5 μL 10× buffer, and 18.3 μL ddH Parameters optimization for MK production Carbon source, nitrogen source, pH and temperature in liquid-state fermentation and nitrogen source, initial moisture content, and pH and temperature in solid-state fermentation were optimized through single factor experiments. The MK and citrinin contents of fermented products were analyzed by the methods as shown in "MK and citrinin analysis."
Results and Discussion
Isolation and identification of Monascus sp. MS-1 Monascus sp. MS-1 was obtained from RFR gathered in China, which possessed relatively high MK yields but no citrinin both in liquid-and solid-state fermentation. The MK yields were 0.041 mg/mL in liquid-state and 1.934 mg/g in solid-state fermentation. No citrinin was detected when sample with high citrinin produced by M. ruber M7 was used as a positive control (Fig. 1) . Monascus sp. MS-1 was identified by the following morphologic examinations and ITS sequence analysis. Morphologic examinations of Monascus sp. MS-1: MS-1 was inoculated on PDA, MA, G25N, and CYA plates, and cultured at 25 o C for 25 days. The colonial and micro morphologies (Fig. 2) were observed and Monascus sp. MS-1 was identified as M. pilosus according to previous reports (21, 23) . The similar morphological characteristics of Monascus sp. MS-1 with M. piolosus were discussed as follows. First, the colonies exceeded 28 mm diameter on MA after incubation for 7 days at 25 o C. Second, the mycelium was white initially but then became light orange to pastel red, reverse deep orange at the centers but yellow at the margins (23) . Cleistothecia of Monascus sp. MS-1 were smaller than that of M. ruber and they were hyaline. Cleistothecia of M. ruber were always brown from an early stage or became brown with maturation (data not shown). Monascus sp. MS-1 was distinguished from M. ruber and M. purpureus on the basis of characteristics indicated above and growth rate (the growth rate of M. purpureus was slower than M. ruber and M. pilosus) according to previous results (21, 23) . Identification of Monascus sp. MS-1 by ITS sequence analysis: The PCR products of ITS fragment of MS-1 genome were detected by gel electrophoresis. The specific ITS band was between 500 and 750 bp, which includes complete ITS1, 5.8S, ITS2, partial 18S and 28S regions. The results were in accordance with previous results (25) .
ITS, ITS1, and ITS2 of Monascus sp. MS-1 were analyzed with NCBI BLAST program, and Monascus sp. MS-1 high homology strains were selected. At the same time, low homology strains, Aspergillus cervinus and Penicillium chrysogenum, were selected as outgroups.
The phylogenetic trees (Fig. 3) indicated that Monascus sp. MS-1 displayed high homologies with M. albidulus, M. ruber, M. paxii, M. pilosus, M. purpureus, and M. fumeus, especially M. pilosus, M. ruber and M. purpureus (Fig. 3B) .
The results of ITS sequence analysis revealed that ITS fragments of Monascus strains possess relative high homology with each other, especially M. pilosus, M. ruber and M. purpureus. Moreover, M. paxii may belong to M. ruber as reported by Hawksworth and Pitt (23) . The phenomenon also existed in the D1/D2 regions of LSU rRNA region (26) and β-tubulin region (27) . Thus, both morphology and molecular biology analyses are necessary for classification of the Monascus species. Classifying Monascus sp. MS-1 as M. pilosus also matched the results from Blanc et al. (11) and Chen et al. (13) , which indicated that M. pilosus was a non-citrinin production strain.
Finally, taking the morphological experiments into consideration, Monascus sp. MS-1 was identified as M. pilosus.
PCR analysis of related citrinin biosynthesis genes in Monascus sp. MS-1 The citrinin biosynthesis genes have been clustered within a 44-kb DNA region, and the key genes mainly include pksCT and ctnA (15, 16) . In the present study, four citrinin-related genes were selected, which were pksCT (polyketide synthase), ctnA (transcriptional regulator), ctnE (short chain dehydrogenases), and ctnR (WD repeat protein) (17) . Six primer sets (Table 1) were used for the citrinin- F, forward primer; R, reverse primer related genes analysis. Results revealed that house-keeping genes of both M. pilosus MS-1 and M. ruber M7 were successfully amplified (Fig. 4A) , whereas the citrinin biosynthesis-related genes only existed in the positive control strain (M. ruber M7) ( Fig. 4B and 4C ). The afore-mentioned results were different than those of Chen et al. (13) , which indicated that citrinin-related genes were only found in M. purpureus and M. kaoliang (classified into M. purpureus according to Hawksworth and Pitt (23) ), whereas the results agreed with those of Blanc et al. (11) and Hajjaj et al. (28) . It is possible that M. ruber strains are diverse at least in citrinin biosynthetic gene. Moreover, results obtained by Tsukahara et al. (14) indicated that M. pilosus strains could produce citrinin, but they did not produce citrinin under certain production conditions. However, no citrinin was detected in various medium or substrates fermented products. Thus, we concluded that there were no citrinin-related genes in M. pilosus MS-1, and M. pilosus MS-1 could not synthesize citrinin.
Parameters optimization for MK production Maximum MK yield of 0.58 mg/mL was obtained when the fermentation was carried out as the following conditions. PDA without dextrose and agar was used as a substitute of distilled water which contains 20 g/L sucrose, 20 g/L soybean powder, and adjusted to pH 6.0, 10% inoculum size at 25 o C, 110 rpm for 14 days. The maximum MK yield (16.45 mg/g) was achieved with 50% soybean powder (20 sieve mesh), 50% rice powder (20 sieve mesh), 40% initial moisture content, 0.4% (v/w) acetic acid, and 10% inoculum size at 25 o C for 14 days in solid-state fermentation. No citrinin was produced in both liquid-and solid-state fermentations. Nearly all of the MK in liquid-state fermentation products and 90% of the MK in solid-state fermentation products were in acid form (Fig. 5) , which is an active form. MK in lactone form is a pro-drug before being activated by hydrolytic cleavage drug in vivo, and the inhibitory potency was approximately twice as that of MK in lactone form (29) (30) (31) . The current study revealed that M. pilosus MS-1 MK yields (16.45 mg/g in solid-state fermentation product and 0.58 mg/mL in liquid-state fermentation product) were higher than those in the reported results (7, 32, 33) .
In conclusion, a non-citrinin production but high MK yield strain, M. pilosus MS-1, was isolated and identified. M. pilosus MS-1 will possess a potential application in food and medical industries for MK production. In addition, HPLC combined with citrinin-related gene analyses can be used for rapid screening of non-citrinin production Monascus strains.
